Ni 3 Al with and without boron was melted and unidirectionally solidified in pressurized hydrogen atmosphere by using a continuous zone melting method. For Ni 3 Al without boron, cylindrical pores elongated in the direction parallel to the solidification direction, are formed in Ni 3 Al matrix. On the other hand, no pore is formed in Ni 3 Al with 0.23 mol% B solidified under the same condition. This result suggests that the solubility gap of hydrogen between liquid and solid Ni 3 Al with boron is extremaly small.
Introduction
Porous structure provides unique characteristics such as low density and permeability of fluid to metallic materials. Therefore, several kinds of porous metals have been produced. 1) A lotus-type porous metal (lotus metal), possessing unidirectional pores aligned in one direction, is one of notable porous metals. [2] [3] [4] [5] The aligned pores provides not only various functions but also high strength compared with other porous metals. Thus, several kinds of lotus metals have been fabricated so far. However, the research for lotus-type intermetallic compounds is very few. Lotus intermetallic compounds with high strength at elevated temperature and good oxidation resistance can be new structural and functional materials. Recently, we have reported that it is possible to fabricate lotus Ni-Al alloys through the unidirectional solidification under pressurized hydrogen gas. 6) However, lotus intermetallic compound Ni 3 Al or NiAl with stoicheiometric composition has not been fabricated.
In the present study, Ni 3 Al was melted and unidirectionally solidified in pressurized hydrogen atmosphere, and a possibility of the formation of cylindrical pores was investigated. Furthermore, Ni 3 Al with boron that improves the mechanical properties of Ni 3 Al was melted and unidirectionally solidified in pressurized hydrogen atmosphere, and the possibility of pore formation was also investigated.
Experimental Procedure
Raw ingots, whose chemical compositions are Ni 75 Al 25 without boron (Ni 3 Al) and Ni 75 Al 25 with 0.23 mol% boron (Ni 3 Al-B), were prepared. Rods of 12 mm in diameter were cut out from the raw ingots with a spark-erosion wire cutting machine. A continuous zone melting method was utilized for the continuous melting and unidirectional solidification of Ni 3 Al and Ni 3 Al-B rods in pressurized hydrogen atmosphere. Figure 1(a) shows the schematic illustration showing the apparatus for the continuous zone melting method. A rod of Ni 3 Al or Ni 3 Al-B was vertically held in a chamber pressurized by hydrogen gas of 1.5 MPa(Ni 3 Al) or 2.5 MPa (Ni 3 Al and Ni 3 Al-B). A part of the rod was melted by induction heating as shown in Fig. 1(b) , and the rod was moved downward at the constant velocity of 330 mm/s. Then, the rod was continuously melted and solidified unidirectionally. Ni 3 Al rods after unidirectional solidification in pressurized hydrogen gas of 2.5 MPa was heat-treated for 10 hours at 1373 K in vacuum ( 5:0 Â 10 À3 Pa). The cross-sections of rods before and after heat treatment were polished with emery papers and etched by Marble reagent (1 g CuSO 4 , 20 ml HCl, and 10 ml H 2 O), and the microstructure was observed with an optical microscope. The porosity and average pore diameters on the cross-section were measured with an image analyzer (WinROOF, Mitani Corp., Fukui, Japan). Before and after heat treatment, phase identification was performed with an X-ray diffractometer (CuK), and hydrogen content at room temperature was measured with LECO RH-404 type hydrogen analysis apparatus (LECO Corp., Michigan, USA). Figure 2 shows the microstructures of a Ni 3 Al rod after unidirectional solidification in pressurized hydrogen atmosphere of 1.5 or 2.5 MPa (before heat treatment). Cylindrical pores elongated along the solidification direction are formed during unidirectional solidification as shown in Figs. 2(a), (b) , (c) and (d). The porosities of the rods in Figure 4 shows the X-ray diffraction spectra of a Ni 3 Al, solidified unidirectionally in pressurized hydrogen atmosphere of 2.5 MP, (a) before and (b) after heat treatment. Before heat treatment, Ni 3 Al phase is a main phase, and NiAl phase slightly exists, i.e., the matrix consists of Ni 3 Al and NiAl phases. For this composition, the equilibrium phase at room temperature is Ni 3 Al phase in Ni-Al phase equilibrium diagram. 7) However, NiAl phase appears owing to nonequilibrium solidification. Mawari et al. 8) and Li et al. 9) also show that NiAl phase appears when solidification rate is high. After heat treatment, only Ni 3 Al phase exists in the matrix, i.e., the matrix of unidirectionally solidified Ni 3 Al rods after heat treatment consists of the single phase of Ni 3 Al. Before heat treatment, the average hydrogen content at room temperature among five rods is 101 AE 2 wppm. After heat treatment, the average hydrogen content at room temperature among two rods is 17 AE 1 wppm.
Experimental Results
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Al-B Figure 5 shows the microstructures of a Ni 3 Al-B rod after unidirectional solidification in pressurized hydrogen atmosphere. For Ni 3 Al-B, pores are not formed. Figure 6 shows the X-ray diffraction spectrum of a Ni 3 Al-B rod after unidirectional solidification. For Ni 3 Al-B, only Ni 3 Al phase is identified. The average hydrogen content in Ni 3 Al-B among two rods after unidirectional solidification at room temperature is 91 AE 4 wppm. 
Discussion
For Ni 3 Al without boron, cylindrical pores elongated along the solidification direction are formed during unidirectional solidification; the homogeneous microstructure of single phase Ni 3 Al is obtained by the heat treatment; the hydrogen content at room temperature can be reduced to low value by heat treatment. Consequently, lotus-type porous Ni 3 Al can be fabricated though unidirectional solidification in pressurized hydrogen atmosphere and heat treatment. On the other hand, for Ni 3 Al with boron, pores are not formed through the unidirectional solidification; it is difficult to fabricate lotus-type porous Ni 3 Al with boron. Here, we discuss the reason why pores are not formed for Ni 3 Al with boron.
The porosity of lotus-type porous metals mainly depends on the magnitude of solubility gap of hydrogen between liquid and solid phases, where the hydrogen solubility in liquid is larger than that in solid. Decrease in the solubility in liquid phase or increase in the solubility in solid phase reduces the magnitude of solubility gap, which causes decrease in porosity. Also for Ni 3 Al, boron addition probably causes decrease in the solubility in liquid phase or increase in the solubility in solid phase, which results in decrease in the porosity. Thus, the data for the solubility provides useful information. However, we have no experimental data for the hydrogen solubility in liquid Ni 3 Al with boron. Thus, we evaluate the magnitude of the hydrogen solubility gap, which is necessary for the formation of pores, and discuss the possibility of the decrease in the solubility in liquid phase or the increase in the solubility in solid phase.
We assume that the porosity p of lotus metals, that is, the volume fraction of pores depends only on the hydrogen solubility gap between liquid and solid, C L-S , at gas evolution-crystallization temperature T n in hydrogen atmosphere of P H 2 .
10) The porosity p can be written, by using C L-S , as
where
, and C L and C S are respectively the solubilities of hydrogen in liquid and solid phases at T n , and C L and C S follow Sievert's law; the value of P 0 is 0.1 MPa. When C L ( 1, 1 À C L is approximated as 1, as shown in eq. (1). V S is the molar volume of solid metal, and V H 2 is the molar volume of hydrogen gas:
where R is the gas constant. When the capillary pressures inside pores is negligibly small compared with hydrogen pressure P H 2 , P H 2 þ 2=r is approximated as P H 2 , as shown in eq. (2). We can calculate C L-S from porosity p by using the following equation:
By using eq. (3), we calculated C L-S at 1640 K from the porosity of lotus Ni 3 Al without boron; for P H 2 ¼ 2:5, the porosity of 20%, averaged among three rods, is used for the calculation of C L-S ; for P H 2 ¼ 1:5, the porosity of 17%, averaged among two rods, is used for the calculation. The average for the two conditions provides the C L-S ¼ 0:4 Â 10 À3 Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P H 2 =P 0 p mol%, and this equation provides the C L-S of 2:1 Â 10 À3 mol% at P H 2 ¼ 2:5 MPa. Here, we examine the possibility of the decrease in hydrogen solubility in liquid Ni 3 Al with assuming that the hydrogen solubility in solid does not change by boron addition. First, we calculated the hydrogen solubility in liquid Ni 3 Al from the hydrogen solubility in liquid nickel 11) and aluminium 12) without consideration of the bond energy for nickel-alminium bond. (Actually, the bond energy for nickel and aluminium is large, and therefore, the hydrogen solubility decreases when considering the bond energy. However, the following discussion does not change when considering the bond energy.) Next, we calculated the interaction parameter of boron with hydrogen in liquid Ni 3 Al, and examined the validity of the value. The activity coefficient of hydrogen in alloys was obtained by the solubilities in pure metal and in the alloy at the same values of the hydrogen pressure and the temperature, by using the following equation:
H is the activity coefficient of hydrogen in the alloy with the alloying element j, x H pure metal is the molar fraction of hydrogen in pure metal, and x H alloy is the molar fraction of hydrogen in the alloy. By applying eq. (4), the activity coefficient of hydrogen in Ni 3 Al with boron addition is given by
Then, the interaction parameter of boron with hydrogen is given by
By applying eq. (6),
H can be obtained as 37.1 at 1640 K. Here, we compare this value with the value of (B) H in liquid iron.
13) The value of (B) H in liquid iron is 3.1 at 1865 K, and this value indicates that the boron addition reduces the hydrogen solubility in liquid iron as with liquid Ni 3 Al, owing H in Ni 3 Al is much larger than that in liquid iron, which indicates that the interaction of boron with hydrogen in liquid Ni 3 Al is much larger than that in liquid iron. We can not examine the validity of this magnitude of (B) H in Ni 3 Al because there is no data, however, it is speculated that the boron addition possibly causes the decrease in hydrogen solubility in liquid Ni 3 Al.
Here, we examine the possibility of the increase in hydrogen solubility in solid Ni 3 Al with assuming that the hydrogen solubility in liquid does not change by boron addition. Yang et al. reported that boron addition enhance the hydrogen solubility in solid Ni 3 Al in the range from 500 K to 1200 K; the solubility increases from 0.1 to 0.2 mol% at 1000 K in hydrogen atmosphere of 0.1 MPa, 14, 15) whereas the hydrogen solubility near room temperature and liquidus temperature have not been clarified (in this case, the effect of small content of NiAl phase is neglected). This increase in hydrogen solubility in solid is enough to suppress the formation of pore.
The boron addition possibly causes both the decrease in hydrogen solubility in liquid Ni 3 Al and increase in the solubility in solid Ni 3 Al. Therefore, it is difficult to identify which is dominant for the disappearance of pores. However, both the decrease in the solubility in liquid Ni 3 Al and increase in the solubility reduce the solubility gap between liquid and solid phases, which is consistent with the experimental result that pores are not formed when the boron is added.
Conclusion
Ni 3 Al with and without boron was melted and unidirectionally solidified in pressurized hydrogen atmosphere, and the possibility of the formation of cylindrical pores is investigated. The present study provides following conclusions.
(1) For Ni 3 Al without boron, cylindrical pores elongated along the solidification direction are formed during unidirectional solidification; the homogeneous microstructure consisting of single phase Ni 3 Al is obtained by heat treatment; the hydrogen content at room temperature can be reduced to low value by heat treatment. Consequently, lotus-type porous Ni 3 Al can be fabricated though unidirectional solidification in pressurized hydrogen atmosphere and heat treatment. (2) For Ni 3 Al with boron, pores are not formed through the unidirectional solidification; it is difficult to fabricate lotus-type porous Ni 3 Al with boron. This is due to the decrease of the solubility gap of hydrogen between liquid and solid, caused by the decrease in hydrogen solubility in liquid phase or increase in hydrogen solubility in solid phase owing to boron addition.
